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Abstract
The deterioration in electrical equipment, is normal and its process begins as soon
as the equipment is installed. Failure to inspect may cause faults. A failure in these
devices can represent from thousands of dollars in losses of production to loss of lives,
therfore, it is our responsibility as engineers to develop and apply techniques that
ensure their optimal operation. There are several maintenance techniques, including
condition monitoring which uses vibration and electrical data from motors/generators
to diagnose faults. The objective of this work is to develop a computational model of
an induction motor based on the winding function technique to model electrical and
mechanical faults. This is the first step in order to proceed with a most comprehensive
project about condition monitoring of induction machines under fault based on signal
processing analysis.
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1. Introduction
According to the market research and consulting firm, Markets and Markets, the popu-
lation of electric motors and drives is estimated to grow at a compound annual growth
rate of 6.25%, from $10.26 billion in 2015 to $15.92 billion by 2022 (Mraz, 2017). These
amounts are not surprising since electric motors are in virtually every aspect of our
daily lives, from the operation of various industries including fuel and gas, power
generation, marine, cement, mining, chemical and water treatment as well as in the
transport sector, air conditioning systems in homes and commercial centers, in cell
phone vibration systems, among others.
Consequently, electric motors and the systems they drive are the largest electrical
end-use load, consuming between 43% and 46% of all global electricity, giving rise to
about 6,040 Mt of CO2 emissions, and costing the end-user about $565 billion per year
on electricity bills. By 2030, its consumption is expected to rise to 13,360 TWh per year,
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its CO2 emissions to rise to 8570 Mt per year and will cost the end-user approximately
$900 billion per year on electricity (Waide and Brunner, 2011).
Due to the rapid increment of the electric motors population it is necessary to contin-
uously develop technology so that these equipment operate in an efficient and reliable
manner. Failure to do so, could lead to major disasters. For instance, analyses from
blackout events in the US show that a 30-minute power cut results in an average loss
of US$15,709 for medium and large industrial clients, and nearly US$94,000 for an
eight-hour interruption. Even short blackouts add up to an annual estimated economic
loss of between US$104 and US$164 billion (Hodge, 2015).
2. Electric Motor Failures
The most common failures of electric motors in industry occur due to: surpassing
the standard lifetime, wrong-rated power, voltage, and current, unstable supply volt-
age or current source, overload or unbalanced load, electrical stress from fast switch-
ing inverters or unstable ground, residual stress from manufacturing, mistakes during
repairs and harsh application environment (dust, water leaks, environmental vibration,
chemical contamination, high temperature).
Regarding induction motors, the principal type of failures are described in Figure 1.
From these, 40% of the failures are due to bearings failures, 38% are stator related,
10% are due to the rotor and 12% to other failures (Toliyat, et al., 2013).
Figure 1: Principal types of failure in induction motors
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It is important to point out that a motor under failure shows various abnormal symp-
toms, such as: mechanical vibrations, temperature increase, irregular air-gap torque,
instantaneous output power variations, acoustic noise, line voltage change, line cur-
rent changes and speed variations. All these abnormal symptoms leave specific pat-
terns depending on the type and severity of the fault; for example, a particular fre-
quency, amplitude, duration, variance, degree and phase (Toliyat, et al., 2013).
Some techniques adopted by the industry to diagnose and model faults are the
following:
• Signal-based fault diagnosis
– Mechanical vibration analysis, Shock pulse monitoring, Temperature mea-
surement, Acoustic noise analysis, Electromagnetic fieldmonitoring through
inserted coil, Instantaneous output power variation analysis, Infrared anal-
ysis, Gas analysis, Oil analysis, Radio-frequency (RF) emission monitoring,
Partial discharge measurement, Motor current signature analysis (MCSA),
Statistical analysis of relevant signals
• Model-based fault diagnosis
– Neural network, Fuzzy logic analysis, Genetic algorithm, Artificial intel-
ligence, Finite-element (FE) magnetic circuit equivalents, Linear-circuit-
theory-based mathematical models
• Machine-theory-based fault analysis
– Winding function approach (WFA), Modified winding function approach
(MWFA), Magnetic equivalent circuit (MEC), Simulation-based fault analysis,
Finite-element analysis (FEA) and Time-step coupled finite element state
space analysis (TSCFE-SS).
Comprehensive algorithms based on the aforementioned techniques are constantly
under research, seeking that defects and their severity are reliably identified. For
instance, there are commercial solutions that uses vibration and electrical measure-
ments in combination, analyzing the data with a single instrument and software
platform. This integrated approach avoids false data, accuracy problems and other
issues that affect conventional methods based on separate analysis of vibration and
electrical data.
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3. Winding Function Method
The model of an induction motor developed in this work is based on the winding func-
tion method. This approach characterizes the machine in terms of coupled magnetic
circuits rather than magnetic fields (Lipo, 2008). Usually, the way to analyze electric
machines is to obtain the electromagnetic field distribution of the machine, which
requires loads of computer resources and time. On the other hand, describing electric
machines as group coupled magnetic circuits, usually inductance and resistance, pro-
vides a computational effective way of obtaining their operating characteristics since
the winding structure dictates the magnetomotive force inside a machine and the air-
gap the bulk of the permeance; flux, flux linkage, and hence, flux linkage per ampere
turn or inductance can be easily computed using this method. Even effects such as
saturation, slots, skewing and inclined rotor eccentricity can be included (Toliyat, et
al., 2013).





𝑁𝑖(𝜃𝑟, Φ)𝑁𝑗(𝜃𝑟, Φ)𝑑Φ (1)
where, Φ is a particular point along the air gap, and N𝑖(𝜃r, Φ), N𝑗(𝜃r, Φ) are winding
function of circuit i and j and they are defined as the magneto motive force (MMF)
distribution along the air gap for a unit current flowing in the winding.
For a sinusoidal distributed stator windings, the winding function for each phase is:
𝑁𝑎(𝜃𝑟, Φ) = (𝑁𝑠/2𝑃) cos(𝑃Φ)
𝑁𝑏(𝜃𝑟, Φ) = (𝑁𝑠/2𝑃) cos(𝑃Φ − (2𝜋/3))
𝑁𝑐(𝜃𝑟, Φ) = (𝑁𝑠/2𝑃) cos(𝑃Φ + (2𝜋/3))
(2)
where, Ns = (4/𝜋)NK𝑑K𝑝K𝑠 = effective number of turns of winding, N = pN𝑡𝑠𝑝N𝑠𝑝𝑝 =
actual number of turns of windings, K𝑑 , K𝑝 and K𝑠 are distribution, pitch, and skew
factors, p is number of pole pairs, N𝑡𝑠𝑝 is the number of turns per slot per phase, and
N𝑠𝑝𝑝 is the number of slots per pole per phase.









−(𝛼𝑟/2𝜋), 0 < Φ < 𝜃𝑘
1 − (𝛼𝑟/2𝜋), 𝜃𝑘 < Φ < 𝜃𝑘+1









DOI 10.18502/keg.v3i1.1479 Page 761
 
ESTEC Conference Proceedings
where, 𝛼𝑟 = (2𝜋/n) = angle between any two adjacent bars,
𝜃𝑘 = 𝜃𝑟 + (𝑘 − 1)𝜃𝑟 = bar k angular position.
4. Induction Motor Modeling
To develop our model, we followed Ibrahim et al. (2010) as they presented a detailed
and simple way to achieve a model of a motor under stable conditions and under fault.
Similarly, we defined the stator phase voltages (V𝑎, V𝑏, V𝑐) base on the stator phase
currents (I𝑎, I𝑏, I𝑐), the stator phase self-inductances (L𝑎, L𝑏, L𝑐), the stator phase to
phase mutual inductances (L𝑎𝑏, L𝑏𝑐 , L𝑐𝑎), the stator leakage inductance (L𝑙𝑠), the rotor
loops currents (I𝑟𝑛), the end ring current (I𝑒) and each stator phase to rotor loop mutual
inductances (L𝑎1,…,L𝑎𝑛, L𝑏1,…,L𝑏𝑛, L𝑐1,…,L𝑐𝑛).
𝑉𝑎 = 𝑅𝑠𝐼𝑎 + (𝐿𝑎 + 𝐿𝐼𝑠)𝑑𝐼𝑎/𝑑𝑡 + 𝐿𝑎𝑏𝑑𝐼𝑏/𝑑𝑡 + 𝐿𝑎𝑐𝑑𝐼𝑐/𝑑𝑡
+𝑑/𝑑𝑡(𝐿𝑎1𝐼𝑟1 + 𝐿𝑎2𝐼𝑟2 +⋯+ 𝐿𝑎𝑛𝐼𝑟𝑛 + 𝐿𝑎𝑒𝐼𝑒)
𝑉𝑏 = 𝑅𝑠𝐼𝑏 + (𝐿𝑏 + 𝐿𝐼𝑠)𝑑𝐼𝑏/𝑑𝑡 + 𝐿𝑏𝑎𝑑𝐼𝑎/𝑑𝑡 + 𝐿𝑏𝑐𝑑𝐼𝑐/𝑑𝑡
+𝑑/𝑑𝑡(𝐿𝑏1𝐼𝑟1 + 𝐿𝑏2𝐼𝑟2 +⋯+ 𝐿𝑏𝑛𝐼𝑟𝑛 + 𝐿𝑏𝑒𝐼𝑒)
𝑉𝑐 = 𝑅𝑠𝐼𝑐 + (𝐿𝑐 + 𝐿𝐼𝑠)𝑑𝐼𝑐/𝑑𝑡 + 𝐿𝑐𝑎𝑑𝐼𝑎/𝑑𝑡 + 𝐿𝑐𝑏𝑑𝐼𝑏/𝑑𝑡
+𝑑/𝑑𝑡(𝐿𝑐1𝐼𝑟1 + 𝐿𝑐2𝐼𝑟2 +⋯+ 𝐿𝑐𝑛𝐼𝑟𝑛 + 𝐿𝑐𝑒𝐼𝑒)
(4)
The voltage equation for any rotor loop k is written based on the rotor bar resistance
and inductance (R𝑏, L𝑏), end ring segment resistance and inductance (R𝑒, L𝑒), rotor loop
self-inductance (L𝑘𝑘), rotor loop mutual inductances (L𝑘1,…,L𝑘𝑛) and the rotor loop k to
the stator windings mutual inductances (L𝑎𝑘, L𝑏𝑘, L𝑐𝑘) :
0 = 2(𝑅𝑏 + 𝑅𝑒)𝐼𝑟𝑘 − 𝑅𝑏(𝐼𝑟(𝑘−1) + 𝐼𝑟(𝑘+1)) − 𝑅𝑒𝐼𝑒
+2(𝐿𝑏 + 𝐿𝑒)𝑑𝐼𝑟𝑘/𝑑𝑡 − 𝐿𝑏(𝑑𝐼𝑟(𝑘−1)/𝑑𝑡 + 𝑑𝐼𝑟(𝑘+1)/𝑑𝑡)
+(𝐿𝑘1𝑑𝐼𝑟1/𝑑𝑡 + 𝐿𝑘2𝑑𝐼𝑟2/𝑑𝑡 + ⋯ + 𝐿𝑘𝑘𝑑𝐼𝑟𝑘/𝑑𝑡 + ⋯ + 𝐿𝑘𝑛𝑑𝐼𝑟𝑛/𝑑𝑡)
−𝐿𝑒𝑑𝐼𝑒/𝑑𝑡 + 𝑑/𝑑𝑡(𝐿𝑎𝑘𝐼𝑎 + 𝐿𝑏𝑘𝐼𝑏 + 𝐿𝑐𝑘𝐼𝑐)
(5)
The end ring equation can be written as
0 = 𝑛𝑅𝑒𝐼𝑒 −𝑅𝑒(𝐼𝑟1 + 𝐼𝑟2 +⋯+ 𝐼𝑟𝑛) + 𝑛𝐿𝑒𝑑𝐼𝑒/𝑑𝑡 − 𝐿𝑒(𝑑𝐼𝑟1/𝑑𝑡 + 𝑑𝐼𝑟2/𝑑𝑡 +⋯+ 𝑑𝐼𝑟𝑛/𝑑𝑡) (6)
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Furthermore, the electromagnetic torque equation can be written in terms of the elec-

















And finally, the rotor mechanical equation is given by the rotor inertia ( J), the rotor
angular speed (Ω𝑟), the friction coefficient (F) and the load torque (T𝐿)
𝑇em = 𝐽𝑑Ω𝑟/𝑑𝑡 + 𝐹Ω𝑟 + 𝑇𝐿 (8)
 
5. Simulation and Results
Themodel was done inMatLab and for the same 4kW inductionmotor with the param-
eters given in Table I by Ibrahim et al. (2010), we obtained the same results for a motor
under healthy conditions and for one under rotor faults.
• Under healthy condition, the motor is simulated at no load for 0.5 seconds and
then the motor is loaded with a load of 10 Nm. Figure 2 shows the speed and





Figure 2: Rotor speed and electrical torque
Figure 3: Phase A current
torque, Figure 3 shows the phase A current and Figure 4 shows the rotor bar
current distribution.
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Figure 4: Rotor bars current distribution
 
Figure 5: Rotor speed and electrical torque under fault
• Under fault, the motor is simulated with one broken bar and one broken end
ring segment. Figure 5 shows the speed and torque, Figure 6 shows the phase
A current and Figure 7 shows the rotor bar current distribution. It is important
to point out that broken rotor bar faults can be simulated by increasing bar
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Figure 6: Phase A current under fault
Figure 7: Rotor bar distribution under fault
resistance. According to Ibrahim et. al., the more the resistance is increased the
more severity is added to the fault. It is enough to increase bar resistance to 100
time of its original resistance to represent complete open rotor bar.
6. Conclusions
The objective of this first stage of the project was achieved. We were able to repli-
cate the results of the model of the induction motor based on the winding function
presented by Ibrahim et. al. both under healthy conditions and under various fault
conditions.
Now that we are sure that we have a functional model we will be able to proceed
with the next stage that is validate the model with experimentation, perform the
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upgrades needed and proceed to pair the model with signal processing analysis to
develop strategies for condition monitoring.
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